The plant vascular system provides transport and support capabilities that are essential for plant growth and development, yet the mechanisms directing the arrangement of vascular bundles within the shoot inflorescence stem remain unknown. We used computational and experimental biology to evaluate the role of auxin and brassinosteroid hormones in vascular patterning in Arabidopsis. We show that periodic auxin maxima controlled by polar transport and not overall auxin levels underlie vascular bundle spacing, whereas brassinosteroids modulate bundle number by promoting early procambial divisions. Overall, this study demonstrates that auxin polar transport coupled to brassinosteroid signaling is required to determine the radial pattern of vascular bundles in shoots.
The plant vascular system provides transport and support capabilities that are essential for plant growth and development, yet the mechanisms directing the arrangement of vascular bundles within the shoot inflorescence stem remain unknown. We used computational and experimental biology to evaluate the role of auxin and brassinosteroid hormones in vascular patterning in Arabidopsis. We show that periodic auxin maxima controlled by polar transport and not overall auxin levels underlie vascular bundle spacing, whereas brassinosteroids modulate bundle number by promoting early procambial divisions. Overall, this study demonstrates that auxin polar transport coupled to brassinosteroid signaling is required to determine the radial pattern of vascular bundles in shoots.
mathematical model ͉ pattern formation ͉ plant hormones ͉ procambium T he variety and complexity of vascular patterns among plant species have attracted the attention of both biologists and mathematicians for many years (1) (2) (3) (4) (5) . In the Arabidopsis shoot, the vascular pattern is set up in embryogenesis by asymmetric divisions of the procambium cells (6) . After germination, subsequent procambial cell division and differentiation gives rise to the xylem, the water conducting tissues, and the phloem, through which photosynthetic compounds and signaling molecules are transported (7, 8) . This primary provascular growth derives from the activity of primary plant growth and serves as a vascular template along plant development (1) . The vasculature forms a continuous apico-basally connected structure along the plant shoot. At the base of the main inflorescence stem of wild-type (WT) plants, the completion of primary provascular growth is observed. Procambial cells have produced functional xylem and phloem forming a vascular bundle (VB) and differentiated interfascicular fibers (IF) in between bundles (Fig. 1A) . IFs are composed of 3 to 4 layers of fiber cells and are mostly responsible for the mechanical strength of the mature stem (9) . The procambium places xylem centripetally and phloem centrifugally, contributing to the formation of collateral VBs (1) (Fig. 1B) . Across a cross-section, the stem vasculature exhibits a radial organization made by the periodic alternation of VBs with the IF in between, together forming the vascular ring ( Fig. 1 A) .
Genetic studies have identified a number of vascular patterning mutants (2, (10) (11) (12) , but the mechanisms underlying VB pattern formation are still unknown. Two plant hormones, auxin and brassinosteroids (BRs), have been implicated in vascular differentiation. Auxin is essential for vascular tissue formation and differentiation (13, 14) . In leaves, it has been shown that auxin accumulates in the procambial cells (15, 16) , leading to the gradual canalization of auxin into the leaf vascular strands through polarization of auxin efflux carriers (4, 5, 17) . In the shoot, it has been shown that the auxin efflux carrier PIN1 is expressed in the procambium and xylem cells, at the basal side and in a fraction of the lateral cell membranes (18) . Mutations in pin1 or chemical inhibition of auxin transport with naphthalene acetic acid (NPA) induces a dramatic increase of differentiated xylem cells, which expand the VBs along the ring adjacent to cauline leaves (18, 19) . Altogether these results raise the intriguing question of how auxin is participating in shoot-VB patterning.
Brassinosteroids, the steroid hormones of plants, play a major role in promoting cell expansion, and a signaling pathway that controls cell expansion has been elucidated (20) . BRs are also involved in vascular cell differentiation of vegetative organs. In Zinnia mesophyll cell cultures, BRs have been shown to regulate xylem differentiation (21) (22) (23) . Moreover, a number of BR mutants of rice (24) and Arabidopsis (25) (26) (27) show various vascular differentiation defects; however, a full characterization of the alterations induced by BRs on the periodic VB pattern in Arabidopsis shoots is lacking and the mechanism by which BRs contribute to this patterning is not yet understood.
The goal of this study is to examine the roles of auxin and BRs in vascular patterning in the shoot inflorescence stem. Because the Arabidopsis shoot is not as amenable to studies of auxin polar transport as leaves and the shoot apical meristem, we used a systems biology approach. By means of a mathematical and computational model and quantitative experimental data, we show that BR signaling and auxin polar transport, not auxin levels, are required to set the number and arrangement of plant-shoot vasculature. evaluated whether auxin maxima coincide with VBs. We analyzed the expression pattern of a synthetic auxin-response element DR5::GUS, which has been used as a read-out of auxin levels (30) . At the base of the inflorescence stem, where completion of the pattern is observed, ␤-glucuronidase (GUS) activity appeared specifically at the vascular bundles, having a periodic expression in the procambial and differentiating xylem cells ( Fig. 1 D and E) . This result indicates that auxin maxima along the provascular ring are correlated with VBs in the WT shoot.
To evaluate whether auxin maxima can control the periodic distribution of VB along the shoot, we formulated a mathematical model for auxin flux across a vascular ring of proliferating cells. This geometry was chosen in concordance with the shoot xylem differentiation pattern (Fig. S1 B-E) and following that general, basic pattern, features are preserved among different geometries (31, 32) . Previous modeling studies of auxin distribution in the shoot and root meristems have supported the relevance of auxin polar transport in creating auxin maxima (31) (32) (33) (34) . Based on these studies, our model takes into account auxin polar transport between cells and the apoplast and passive diffusion across the apoplast (Materials and Methods). An analysis of the model shows that appropriate asymmetric localization of efflux carriers is able to elicit auxin maxima (Fig. 1F , SI Text, and Fig. S2 ) as expected. Such localization drives fluxes that favor auxin accumulation in groups of cells while depleting auxin in their neighboring cells, thereby producing an unequal auxin distribution along the vascular ring ( Fig. 1G and Fig. S2B) . Recently, support for this kind of localization has been reported in both tomato and Arabidopsis where lateral polarization of efflux carrier protein PIN1 toward the developing vasculature has been observed (35) . Taken together, these data propose efflux carrier localization as promoters of auxin maxima in shoot vascular bundles.
We analyzed whether our model could reproduce the phenotypes of plants with defective auxin polar transport (18, 19) . To characterize these phenotypes in further detail, we analyzed the vascular phenotype when 2 genes encoding efflux carrier proteins PIN1 and PIN2 are mutated. pin1pin2 double mutants showed a more disorganized vascular pattern with an increased number of VBs and xylem differentiated cells compared with the WT control ( Fig. S3 A and C) . The xylem differentiation defects were mimicked in plants treated with the auxin transport inhibitor NPA (10 M, Fig. S3B ) and are in agreement with previous studies (18, 19) . We next evaluated whether the vascular pattern of plants with defective auxin transport involves a phenotype in auxin maxima distribution. Accordingly, we analyzed the expression pattern of DR5::GUS in plants treated with NPA (10 M). Our results confirm that auxin maxima are found within VBs, although NPA treatment could also lead to a reduced GUS expression in some VBs (Fig. 1H) .
We next evaluated this scenario through computational simulations of the model. When the levels of efflux carriers are strongly reduced, auxin distribution becomes disorganized with larger numbers of auxin maxima, which are less strong and can be broader (Fig. 1I) . Our theoretical analysis revealed that this auxin pattern arose from a slowing-down of the auxin flux dynamics driven by the decrease in efflux transport rates (SI Text). For these slow dynamics, initial randomness in the distribution of auxin persists over long times. This result is independent on which mechanism is driving PIN localization. We found the same result in a modified model in which efflux carriers became dynamically reorganized by auxin within the cell (Fig.  S4A) . In this case, we set auxin-dependent cycling dynamics for PIN proteins, as proposed for the shoot apical meristem (31) and took into account that asymmetric endocycling controls the polarization of efflux carriers (36) (SI Text). Taken together, our computational results are in agreement with the observed phenotypes for pin1pin2 mutants and NPA-treated plants, supporting a model in which auxin flow is driving VB patterning.
We next challenged this scenario for VB patterning by using mutants that overproduced auxin. Our model predicted that the number of auxin maxima, and not the levels of auxin, determines the number of VBs because the number of auxin maxima did not change when auxin levels were modified ( Fig. 2A and SI Text) . To test this, we examined the vasculature in an auxinoverproducing mutant, yucca, which accumulates Ϸ50% more free indole-3-acetic acid (IAA, the most active auxin) than WT (37) . Despite the differences in plant anatomy (37) (Figs. 2B and  3A) , which indicate that the increase in auxin levels in this mutant is significant enough to alter proper plant development, the number of VBs was not modified in yucca compared with the WT (Fig. 2 C and D) . As such, our results support the conclusion that auxin levels do not alter the number or arrangement of VBs, as predicted from the model.
It has been reported that BR-deficient mutants have fewer VBs and reduced xylem compared with WT (25, 26, 38) . We first analyzed whether this reduction in VBs correlated with a reduction in the number of auxin maxima. We found that DR5:GUS expression in a mutant with null BRI1 receptor activity [bri1-116, (39, 40) ] was localized only within VBs, confirming that a reduction in VB number involves a reduction in auxin maxima, as well (Fig. S5) .
We studied vascular patterning in mutants with impaired BR signaling or synthesis (Table S1 , Fig. 3B) . A comprehensive phenotypic analysis revealed that mutants with reduced BR receptor activity [bri1-116, bri1-301 (39, 40) ], signaling [bin2 (40) ], or levels [cpd (27) ] (Table S1 ) exhibited a reduced number of VBs compared with WT ( Fig. 3 A, D (Table S1 ) led to the formation of a greater number of VBs (Fig. 3 A, C, E, G, and I) . Thus, our results show that either impaired BR synthesis or signaling mutants elicit similar alterations of the vascular pattern, implicating a role for BRs in promoting the formation of VBs (Fig. 4 A-C, Fig. S6 ). Furthermore, chemical inhibition of BR synthesis by using brassinazole (BRZ 220 ) or exogenous application of brassinolide (BL, the most active BR) mimicked BR mutants or overexpressing lines, respectively (Fig. S7) . Exogenous application of BL in cpd mutants restored the number of VBs to WT, whereas BRZ 220 -treated yucca plants showed a reduction in the number of VBs (Fig. S7) , supporting the specific effects of BRs in the control of vascular pattern.
To elucidate how the number of VBs is modulated by BRs, we analyzed which factors can change the number of auxin maxima in the model. Our study shows that 2 elements control the number of maxima: the average number of cells from one auxin maximum to the subsequent maximum (i.e., the period of the pattern), and the total number of cells when the auxin pattern emerges (Fig. S4 B-D ; SI Text). Thus, if auxin maxima arise closer to each other in terms of cell numbers, more maxima would be formed within a ring of a fixed-cell number. Alternatively, higher numbers of auxin maxima arise as more cells compose the ring when the pattern is being settled down (Fig. 4 D and E and Fig. 1F ).
We first evaluated whether the period of the pattern is strongly altered in BR mutants. To this end, we measured the number of cells forming each vascular unit across the ring, i.e., the number of procambial and clockwise adjacent contiguous IF cells at the base of the vascular ring for each VB ( Fig. 1 A and B) . We observed that procambial cell division occurs centripetally, leading to the formation of xylem cells in the VB in such a way that each procambial cell correlated with the first differentiated xylem cell (Fig. 1B) . To elicit changes in the periodic pattern that would explain the modulation of VB number, we reasoned that fewer cells per vascular unit must be found in gain-of-function mutants, whereas an increase in cells per unit must occur in loss-of-function mutants. Our analysis revealed that the number of xylem and IF cells per vascular unit was similar for gain-offunction mutants and the WT, whereas it decreased slightly for loss-of-function mutants ( Fig. 4F and Fig. S6 ). These results show that modulation of VB number is not fixed by changes in the periodicity of the pattern.
We next computed the total number of cells, xylem and IF, at the base of the vascular ring in the BR mutants ( Fig. 1 A and B) . According to our previous results on the average cell number per vascular unit, we expected the total number of cells to increase in gain-of-function BR mutants and to be reduced in loss-offunction BR mutants. The analysis confirmed this and revealed a dramatic increase in the number of cells in the vascular ring of gain-of-function BR-signaling mutants, whereas loss-of-function BR-mutants had fewer cells than the wild type ( Fig. 4G and Fig.  S6 ). Similar features were observed in apical regions of the inflorescence stem (Fig. S1 F and G) . Note that an increase in the number of cells forming the vascular ring in BR gain-offunction mutants was not translated to an increase of the stem diameter, as demonstrated by the extreme phenotype of bzr1-D mutants (Fig. 4 G and I) . Interestingly, we found that both BR gain-of-function and loss-of-function mutants show a vascular pattern with VBs spaced shorter distances and show smaller IF cells (Fig. S8 ).
We found a statistically significant correlation between the number of VBs and the total number of cells in the vascular ring ( Fig. 4H) , consistent with the predictions of the model. Moreover, supporting the different roles of BRs and auxin polar transport in our model for vascular patterning, we did not find such a correlation in plants with defective auxin efflux polar transport ( Fig. S3 D and E) . The specific role for BRs in the patterning process is further supported by the phenotype of auxin-overproducing yucca mutants, which had a similar number of vascular ring cells compared with the WT (Fig. 2E and Fig. S6 ).
Our results indicate that BR-induced changes in provascular cell number are crucial for modulation of VB number and suggest a role for BRs in controlling procambial cell divisions. Previous studies have documented the role of BRs in promoting cell expansion, but little information has been published concerning a role for BRs in cell division. These distinct functions of BRs, in cell expansion in vegetative shoot tissues or in the control of cell division during vascular pattern formation, may be the result of cell-type specific BR signaling conferred by the BRL1 and BRL3 receptors, which are expressed specifically in vascular cells (25) . Unlike BRI1, which is ubiquitously expressed and known to promote cell expansion, the downstream signaling components for BRL1 and BRL3 await to be identified. In summary, we have used mathematical modeling to evaluate the roles of the plant hormones auxin and BRs in the establishment of shoot vascular architecture. The model made specific predictions, which we have addressed experimentally and that together provide a framework for understanding the action of auxin and BRs in shoot vascular patterning. Our results reveal that BRs serve as a promoting signal for the number of cells in the provascular ring and are consistent with auxin maxima, established by asymmetric auxin polar transport and not dependent on changes in auxin levels, acting to position the vascular bundles across the vascular ring. As such, the coordinated action of these 2 plant hormones is required to establish the periodic arrangement of vascular bundles in the shoot.
Our results point at auxin maxima as a common element between lateral organ positioning and shoot vasculature formation and show that early xylem-differentiating cells are observed at the shoot apex concurrent with lateral organ primordia outgrowth (Fig. S1) . Thus, it is tempting to propose that early signaling events at the shoot apex control the initiation of shoot vascular pattern in the plant, although whether these arise from central and/or peripheral zones of the meristem and whether these are linked with organ primordia positioning remains to be investigated. Future studies using local auxin and BRs response during vascular primordia initiation and differentiation may reveal additional interactions of these two signaling pathways underlying vascular-bundle patterning and plant development.
Materials and Methods
Plant Material and Growth Conditions. Arabidopsis Columbia (Col-0) ecotype was the wild type and all mutant plants described in Table S1 were derived from this accession. Seeds were surface-sterilized in 35% sodium hypochloride, vernalized at 4°C for 48 h, and germinated on plates containing Murashige and Skoog (MS) salt mixture. Plants were grown under long-day photoperiodic conditions. Pharmacological treatments were performed in plants grown in magenta boxes containing MS media supplemented with 10 nM BL (C 28H48O6; Wako), 5 M BRZ220, and 10 M NPA respectively. The shoot inflorescence stems were cut from plants at 12 to 22 days after bolting. C, I , F, and G, error bars represent the standard deviation, asterisks stand for P-values Ͻ0.01 (the data set from each genotype is compared with the WT data; see Materials and Methods) and sizes of datasets are found in Table S2 and Table S3 . Fig. S6 shows the boxplots of all data in C, I, F, and G. In C, bri1-301 has a P value Ͻ0.05. 
Histology and
and embedded in paraplast (Sigma). Transverse stem sections (6 m) were made by using a Microtome (Jung-Autocut, Leica). Sections were stained with 0.1% Toluidine blue or Phloroglucinol solution, and visualized by using an Axiophot (Zeiss) microscope. GUS activity and Historesin embedding were performed as reported previously (25) .
Quantitative Vascular Analysis: Measurement Settings. Quantification of vascular parameters (stem diameters, number of cells, and IF length) was performed by using ImageJ (http://rsb.info.nih.gov/ij/). Two orthogonal diameters were measured along the directions of maximal or minimal length and the mean value was used. Similar conclusions are obtained if the pith diameter is included in the analysis (Fig. S8) . To ensure measurements were made on stationary conditions for bundle number and stem diameter, we analyzed WT sections at different times after bolting at the base of the inflorescence. A Wilcoxon Mann-Whitney rank sum statistical test was used to evaluate whether each mutant genotype dataset followed the same distribution as the data from WT plants (see SI Text).
Mathematical Modeling
where Ai and ai stand for auxin concentrations in cell i and in the apoplast i, respectively, and space has been discretized (Fig. S2 A) . E ij and Iij are the efflux and influx transport coefficients or permeabilities between cell i and apoplast j, which depend on the level of efflux and influx carriers, respectively. Influx and efflux permeabilities are detailed in SI Text. D represents the effective diffusion rate along the apoplast. is the ratio between the linear size of the apoplast and the linear size of cells. n(i) runs over the apoplast neighboring cell i, while N(i) runs over cells surrounding apoplast i. We included cell proliferation dynamics and considered that tissue cell proliferation occurs at a slower time scale than auxin dynamics. Cells divided at random and, as a first approximation, we assumed they reached their final growth very rapidly (47) , expanding the provascular ring and preserving its circular shape (Fig. S9 ). (4), it can be set that active transport into cells is mediated by influx carriers whereas active transport outside cells relies on efflux carriers. Recently, several theoretical and computational models for the transport of auxin and for the emergence of auxin patterns have been proposed (see refs. 4-6 for reviews). Based on these proposals, herein we set a model for auxin dynamics, where both influx and efflux permeabilities are taken into account. Diffusion of auxin across the apoplast is also considered.
Supporting Information
To model the periodic arrangement of vascular bundles (VBs) in the shoot and take into account the symmetry of the provascular ring, we modeled a circular ring of cells and the apoplast in between them by using a single linear chain of cells (and apoplast) with periodic boundary conditions. It could be envisaged that some of the auxin flowing apico-basally in the plant shoot is diverted laterally. Introducing active basal transport did not modify the patterning process and, for simplicity, it is not detailed herein.
We denoted A i the concentration of auxin inside cell i, and a i the concentration of auxin in the apoplast i in between cell i and cell i ϩ 1 (Fig. S2A) . Both cells and the apoplast are described by a single point each (transport inside cells or within the apoplast in between 2 neighboring cells is not modeled). We used ordinary differential equations to model the auxin transport dynamics and set linear fluxes as previously proposed (7) . Hence, our model for the dynamics of auxin inside cell i reads:
whereas auxin concentration in the apoplast i has the dynamics:
E ij and I ij are the efflux and influx transport coefficients or permeabilities between cell i and apoplast j, which depend on the level of efflux and influx carriers, respectively, at the cell membrane facing apoplast j. n(i) runs over the apoplast that neighbors cell i, while N(i) runs over cells surrounding apoplast In the absence of cell proliferation, slow enough constant production and linear degradation did not alter the qualitative auxin maxima and, thus, for simplicity we did not take them into account.
We set constant and homogeneous values of total influx and efflux transport coefficients for cells. In addition, we considered homogeneous localization of influx carriers, leading to homogeneous influx permeabilities within cells. Accordingly, the above equations can be rewritten as:
where I ϵ jʦn͑i͒ I ij , and
, and ϭ It is the adimensional time. Computer simulations have been done using Eqs. S3 and S4. Notice that from Eqs. S3 and S4 it can be readily seen that the spatial distribution of auxin concentration does not depend on the amount of auxin. Constant efflux and influx carriers. Asymmetric localization of carriers, and specifically of efflux carriers, has been shown computationally to enable the formation of auxin maxima (3, (8) (9) (10) .
In agreement, our model shows that auxin maxima within cells can arise when carriers are asymmetrically localized (Fig. S2B) .
Our model can be analyzed in a simplified scenario to elucidate asymmetric localizations of carriers that can elicit auxin maxima. To this end, we neglected diffusion (which tends to homogenise the auxin distribution) and cell division dynamics. We focused on symmetric maxima arising from asymmetric localizations of efflux carriers while we assumed a symmetric distribution of influx carriers. The study of these dynamics for 2 and 3 cells (with periodic boundary conditions) reveals that an auxin maximum is found mainly in the apoplast and not within a cell, whereas for rings formed by 4 cells, an auxin maximum can arise within a cell. This maximum is formed when the efflux carriers are distributed such that:
Notice that this asymmetric distribution of permeabilities leads to accumulation of auxin in one cell (cell i), while it depletes auxin from the neighboring cells. Using this result, and to extend the spacing of maxima to arbitrary lengths, we set the following periodic asymmetric localization of efflux permeabilities and evaluated whether auxin maxima arise:
where Ẽ ϭ E/I. Our results show this localization elicits the emergence of auxin maxima with l cells spacing them, i.e., l cells are found from one maximum to the subsequent one (Fig. S2B) . Noteworthy, the actual localization of efflux carriers is expected to be more variable but with main characteristics captured by the above equation to drive the emergence of auxin maxima in the vascular bundles. Therefore, as simplest scenario, the modulation of VBs can occur either by changes in the spacing or in the size of the field of cells. Dynamic efflux carriers. In the shoot apical meristem, the asymmetric localization of efflux carriers within cells has been modeled based on auxin control of this localization (3, 10) . We evaluated whether introducing this feedback between auxin dynamics and efflux carriers yields to different conclusions for our study of shoot vascular bundle patterning. To this end, we made use of a previously proposed model for the cycling dynamics of efflux carriers PIN proteins (3) and modified it to take into account previously uncharacterized experimental data on these dynamics (11) . This model sets an auxin-dependent cycling between PIN proteins located inside internal cellular compartments of cell i(P oi ) and PIN proteins located at the cell membrane of cell i facing cell i Ϯ 1(P i,iϮ1 ) (3). Based on recent experimental data (11), we set that the rate of cycling of PIN from the cell membrane toward internal cellular compartments (k in , Ϯ ) is polar (asymmetric), whereas the rate of cycling from the cytoplasm toward the cell membrane is symmetric (k out ). By assuming a constant total amount of PIN proteins within cell i,
, the amount of PIN proteins in the cell membrane of cell i facing cell i ϩ 1 at equilibrium can be readily obtained as:
By hypothesizing that the rate of cycling from the cell membrane of cell i facing cell i ϩ 1 (k in , Ϯ ) depends inversely on the concentration of auxin in cell i ϩ 1 as k in,Ϯ ϭ k o /A iϮ1 2 , we obtained
Note that this expression is very similar to the one obtained previously for PIN cycling dynamics with an asymmetric auxin-dependent rate of cycling from internal compartments toward the cell membrane (3). Hence, as described previously for the shoot apical meristem (3, 10), we expect these polar dynamics to yield spontaneous pattern formation of auxin maxima when coupled to auxin dynamics.
By setting that all cells have the same total concentration of PIN proteins (P i ϵ P), efflux permeabilities are proportional to the concentration of PIN proteins (
with ␥ ϭ 1 for simplicity) and that PIN cycling dynamics are much faster than auxin flow dynamics (PIN concentrations are at equilibrium) the above results were introduced in Eqs. S3 and S4) as:
[S6]
As expected, our numerical integration of the dynamics given by Eqs. S3, S4, and S6 show that the feedback between auxin dynamics and efflux carrier polarization settles a self-organizing mechanism for the emergence of auxin maxima (Fig. S4A) . Similar results were obtained if k in,Ϯ ϭ k o /A iϮ1 . However, our analysis indicated that a nonlinear inverse dependence (k in,Ϯ ϭ k o /A iϮ1 2 ) increases the robustness of the pattern formation process by increasing the range of parameter values for which auxin maxima arise spontaneously (above D ϭ 0.5; Fig. S4D) .
Being a self-organizing process, we were able to modulate the periodicity and hence the spacing between maxima through changes in the adimensional diffusion rate D [where D ϭ D/(I⌬l 2 )] (Fig. S4D) . Note that this spacing is measured as an average number of cells. Moreover, our analysis indicated that reductions of the efflux levels expand and disorganize maxima due to a slowing-down of the dynamics (Fig. S4A) . Cell division dynamics. We included cell proliferation dynamics and considered that tissue cell proliferation occurs at a slower time-scale than auxin dynamics. Cells divided at random and, as a first approximation, we assumed they reached their final growth very rapidly (12) , expanding the provascular ring and preserving its circular shape. Therefore, an initial ring of N i cells became over time a ring composed on N t cells. In figures, cell divisions across the ring were set to occur at time intervals d ϭ 5⅐10 2 (adimensional units). Each cell descendant inherited a random fraction of the total auxin amount in the progenitor cell (Gaussianly distributed with mean 0.5 and standard deviation 0.01), which evolved over time according to dynamics in Eqs. S3 and S4. Our results showed that for slow enough cell proliferation dynamics ( d Ն 50), the number of auxin maxima that arise correspond roughly to N i /l, i.e., to the number of maxima arising in the initial pool of N i cells when the permeabilities are given by Eq. S5 and cell descendants inherit the same values as the progenitor cell (Fig. 1F and Fig. S9 ). In this case, random cell division introduced variability in the spacing between maxima (Fig. S9) , which become spaced further away as cells divide, but the number of auxin maxima remained constant. When cell division was taken into account in the model with feedback between auxin dynamics and efflux carrier localization (Eq. S6), the number of auxin maxima just depended on the initial number of progenitor cells for given values of the auxin transport parameters, as well ( Fig. S4 B and C) . Note that in this case, cells were set to inherit the same total amount of efflux carriers as the progenitor cell but their localization was randomly inherited. Simulations. Simulations take as initial condition an almost homogeneous distribution of auxin concentration across a ring of N i cells and apoplasts with periodic boundary conditions. Specifically, the initial auxin concentration inside cells and in the apoplast follows a random uniform distribution from 0.97 to 1.03 values (arbitrary units). When no feedback between auxin and carriers' localization is assumed, we set asymmetric localization of efflux transport coefficients as described in Eq. S5. We numerically integrate Eqs. S3 and S4 with custom-made fortran software by using a Runge-Kutta algorithm of fourth order with time-step d ϭ 0.005. Cell divisions occur until a final number of cells N F is reached. Simulations integrate auxin dynamics (with cell divisions) over a time period ϭ d (N F ϩ 1 Ϫ N i ) . Gaussian stochastic numbers are computed according to ref. 13 . Parameter space exploration. We analyzed auxin distribution when parameter values are changed. Results are briefly summarized here below.
We analyzed the results when parameter Ẽ, related to efflux transport, is changed. As the value of Ẽ decreased, the concentration of auxin inside cells increased, while it became reduced in the apoplast, as expected. For strong enough reductions in Ẽ, the coupling between cell proliferation and auxin transport dynamics elicited a more random auxin distribution with several and broader maxima (Fig. 1I and Fig. S4A ), in agreement with the vascular pattern observed in plants with decreased efflux transport. Similar results were obtained for constant (Eq. S5) and for dynamically changing (Eq. S6) efflux permeabilities.
We evaluated whether our results are robust to changes in parameter . Similar qualitative results were found for different values of ( ϭ 0.01 to ϭ 1). As the value of is reduced (which yields a slowing-down of the dynamics of auxin inside cells), smaller reductions of the efflux transport coefficient Ẽ were required to obtain less periodic auxin distributions.
We also evaluated the effect of changing the diffusion rate when constant permeability rates (Eq. S5) are used. Our results exemplify how diffusion tends to homogenize the pattern because the difference between auxin concentration at maxima and minima decreased, as expected. Specifically, for Ẽ ϭ 1 and D ϭ 10 Ϫ3 , maximum and minimum auxin concentrations were nine orders of magnitude different, whereas for D ϭ 1 these concentrations differed in one order of magnitude.
Statistical Analysis. For each mutant genotype, we used the Wilcoxon Mann-Whitney rank sum statistical test to evaluate whether the mutant data followed the same distribution as the WT data (null hypothesis). This test applies for nonnormally distributed data. When ties were present, the test results were checked by performing a permutation test (using 9,999 permutations) (14) . Statistical analysis was performed using R (15) .
In the WT and for the different genotypes quantified, the number of cells for each vascular unit [procambial or xylem cells in a VB plus the clockwise adjacent interfascicular fiber (IF) cells at the base of the vascular ring] and the length of the IF at the base in between VBs (Fig. 4F and Fig. S8 ) were analyzed as follows: For each plant, a cross-section was made at the base of the inflorescence stem and the above quantities were measured in this cross-section; hence, for a single plant we had as many measurements of these quantities as the number of VBs for this cross-section. We computed the corresponding average values, obtaining a single (averaged) value of each quantity for each plant. Data sets of the averaged quantities for a set of n plants were created. The statistical test was applied on these datasets (hence, on samples of size n). We denoted by n T the total number of measurements made for each quantity (see figure legends and Tables S2 and S3 for the values of n and n T ) . , and 2 cm (E) below the shoot apical meristem. Xylem differentiation present (white arrowheads) at the nascent vascular bundles reveals that periodical pattern is established close to the shoot apex following a 2D ring-like geometry (n ϭ 3). (F and G) Frequency of the total number of vascular bundles at the base of the inflorescence stem (Z1) and at apical regions (Z3, Ϸ3 cm below the shoot apical meristem) for Col-0 WT (F) and BR loss-of-function bri1-116 (G). Statistical analysis of the number of vascular bundles and of the total number of cells at the base of the vascular ring revealed no statistically significant differences between data at Z1 and Z3 (P Ͼ 0.01). (F) Black is used for data at Z1 (n ϭ 15) and gray for Z3 (n ϭ 15). For these WT cross-sections, the ratio between the average total number of cells at the base of the vascular ring at Z1 and at Z3 is 1.2 Ϯ 0.2. (G) Violet is used for Z1 (n ϭ 7) and gray for Z3 (n ϭ 6). For these bri1-116 cross-sections, the ratio between the average total number of cells at the base of the vascular ring at Z1 and at Z3 is 1.2 Ϯ 0.3. ; and for brassinosteroid (BR) mutants bri1-116 (stars) and DWF4-ox (triangles), and for the WT (black circles) (E). Each point corresponds to a cross-section of a plant being analyzed. Empty and full red squares stand for the pin1pin2 double mutant and NPA-treated plants, respectively. In D, the linear fit yields a correlation coefficient R 2 ϭ 0.5. In E, the linear fit yields a correlation coefficient R 2 ϭ 0.8. Fig.4 A-C and I and Fig. S6 . Fig. 4 G and H and Fig. S6 . † See Fig. 4F and Fig. S6 .
